Abstract. As the remnant of Supernova (SN) 1987A has been getting brighter over time, new observations at high frequencies have allowed imaging of the radio emission at unprecedented detail. We present a new radio image at 44 GHz of the supernova remnant (SNR), derived from observations performed with the Australia Telescope Compact Array (ATCA) in 2011. The diffraction-limited image has a resolution of 349 × 225 mas, which is the highest achieved to date in high-dynamic range images of the SNR. We also present a new image at 18 GHz, also derived from ATCA observations performed in 2011, which is super-resolved to 0.
Introduction
Supernova 1987A in the Large Magellanic Cloud, as the only nearby core-collapse supernova observed to date, has provided a unique opportunity to study the evolution of the interaction between the propagating blast wave and the progenitor's circumstellar medium (CSM). The complex CSM distribution in the supernova remnant (SNR) is believed to have originated from a red supergiant (RSG), which has evolved into a blue supergiant (BSG) about 20,000 years before the explosion (Crotts & Heathcote 2000) . Models of the progenitor evolution suggest that the equatorially denser, i.e. slower, RSG wind (Blondin & Lundqvist 1993 , Martin & Arnett 1995 , was swept up by the faster BSG wind , thus forming high density rings. In particular, beside the central circular ring in the equatorial plane (equatorial ring, ER), observations have also revealed two outer rings that formed from the mass loss of the progenitor star, located on either side of the equatorial plane (Jakobsen et al. 1991 , Plait et al. 1995 , which confer to SNR 1987A a peculiar triple-ring nebula structure. Since the radio detection of the remnant in mid-1990 (Turtle et al. 1990 ), the synchrotron emission has been generated by the shock wave propagating into the ring-shaped distribution of the CSM in the equatorial plane. Monitoring of the flux density has been regularly undertaken with the Molonglo Observatory Synthesis Telescope (MOST) at 843 MHz (Ball et al. 2001 ) and at 1.4, 2.4, 4.8 and 8.6 GHz with the Australia Telescope Compact Array (ATCA) (Staveley-Smith et al. 1992 ). ATCA observations have been ongoing for ∼25 years (Staveley-Smith et al.1993 , Gaensler et al. 1997 , Manchester et al. 2002 , Zanardo et al. 2010 ). An exponential increase of the flux density has been measured at all frequencies since day ∼5000 after the explosion, which is likely due to an increasing efficiency of the acceleration process of particles by the shock front (Zanardo et al. 2010) . The morphology of the nonthermal radiation emitted by relativistic electrons accelerated in the remnant has been investigated using images at 9 GHz since 1992 (Staveley-Smith et al. 1992) , with a spatial resolution of 0.
′′ 5 achieved via maximum entropy super-resolution (Gaensler et al. 1997 , Ng et al. 2008 ). These images have provided the first insight into the marked east-west asymmetry of the radio emission. The first imaging observations at 18 GHz were undertaken in 2003 July, at an effective resolution of 0.
′′ 45 (Manchester et al. 2005) . Very long baseline interferometry (VLBI) observations of the SNR were successful in 2007 October (Tingay et al. 2009 ) and 2008 November (Ng et al. 2011 ) at 1.4 and 1.7 GHz, respectively. These observations, while with low sensitivity and dynamic range, at a resolution of ∼ 0.
′′ 1 captured the presence of structures smaller than 0.
′′ 2 in bright regions (Ng et al. 2011) . At the same time, ATCA observations at 36 GHz in 2008 April and October resulted in high-dynamic range images with an angular resolution of 0.
′′ 3 (Potter et al. 2009 ). After the ATCA upgrade in mid-2009 with the Compact Array Broadband Backend (Wilson et al. 2011) , the remnant was imaged at higher frequencies. The first resolved image at 94 GHz was produced from observations between 2011 June and August by Lakićević et al. (2012) .
New observations
The first image of the SNR at 44 GHz was derived from ATCA observations in 2011 January and November, with diffraction-limited resolution of 349 × 225 mas, which is the highest achieved to date at high-dynamic range (Zanardo et al. 2013 ). This new image has been analysed in conjunction with that derived from contemporaneous ATCA observations at 18 GHz (Zanardo et al. 2013 ) to investigate the spectral index distribution across the remnant. In Fig. 1 , the 44 GHz image, slightly super-resolved to 0.
′′ 25, is shown together with the super-resolved 18 GHz image. The high resolution of the 44 GHz image has allowed a comparison between the morphology of the radio and Hα emission, as seen in contemporaneous observations with the Hubble Space Telescope (HST) †, in terms of both emission around the ER and emission from the centre of the SNR, where the ejecta can be located (Larsson et al. 2011) . Comparison with the X-ray observations performed with the Chandra Observatory (Helder et al. 2013 ) has provided further insight into the structure of the nonthermal emission.
Findings
Emission morphology and asymmetry. Consistent with previous radio observations, the 44 GHz image shows a marked asymmetry in the emission distribution. More specifically, the east-west asymmetry ratio is ∼ 1.5 from the ratio of the brightness peaks in the ′′ 25 restoring circular beam. For details on both images see Zanardo et al. (2013) .
radial profiles at PA ∼90
• , is ∼ 1.6 from the integrated flux densities over the eastern and western halves of the image. These values are higher than the ∼1.4 ratio derived for the new 18 GHz image and the ratio previously measured with images at lower frequencies.
Remnant expansion and local velocities. The comparison between the new images at both 18 and 44 GHz with corresponding observations performed in earlier epochs, specifically the 2003 observations at 17 and 19 GHz and the 2008 observations at 36 GHz, highlights an asymmetric expansion of the remnant, with expansion velocities on the eastern lobe significantly higher than what measured on the western lobe.
Spectral index variations. The 18-44 GHz spectral index distribution is measured at an angular resolution of 0.
′′ 4. The spectral indices in SNR 1987A primarily range between −1.1 and −0.3, with a mean of −0.8. Spectral indices associated with the brightest sites over the eastern lobe are steeper than the mean value. The steeper spectrum on the eastern lobe implies compression ratios slightly lower than on the western bright sites, and could be correlated with the higher expansion rate measured on the eastern side of the remnant. Two regions of flatter spectral indices are identified, one approximately located in the centre of the SNR, which extends over the SN location (Reynolds et al. 1995) , and the other located further north. These two features lie at PA ∼ 30
• . Structure of the shock and progenitor explosion. There is a strong correspondence between major features of the emission at 44 GHz, and the arrangement of the hot spots shown in the Hα emission. The direction of the east-west asymmetry of the X-ray and radio emission, is opposite to that of the Hα emission. This fact supports the hypothesis that the remnant asymmetric morphology might be due to an asymmetric explosion, rather than to an asymmetric distribution of the CSM.
Likelihood of detecting the radiation emitted by a compact source. At 44 GHz, a central feature of fainter emission appears to extend over the SN site, and to overlap with the western side of the ejecta as seen by HST. This feature corresponds to a region of flatter spectral indices in the 18-44 GHz spectral map, which could indicate the presence of a compact source or a PWN. The origin of this emission is unclear. However, simple free-free absorption models suggest that the radiation emitted by a compact source inside the equatorial ring may now be detectable at high frequencies, or at lower frequencies if there are holes in the ionised component of the ejecta. Future high-resolution observations, both at lower frequencies with VLBI and at higher frequencies with ATCA and the Atacama Large sub-Millimeter Array, will be crucial to further investigate the nature of this emission.
